Synthetic stellar spectra are extensively used for many different applications in astronomy, from stellar studies (such as in the determination of atmospheric parameters of observed stellar spectra), to extragalactic studies (e.g. as one of the main ingredients of stellar population models). One of the main ingredients of synthetic spectral libraries are the atomic and molecular line lists, which contain the data required to model all the absorption lines that should appear in these spectra. Although currently available line lists contain millions of lines, a relatively small fraction of these lines have accurate derived or measured transition parameters. As a consequence, many of these lines contain errors in the electronic transition parameters that can reach up to 200%. Furthermore, even for the Sun, our closest and most studied star, state-of-the-art synthetic spectra does not reproduce all the observed lines, indicating transitions that are missing in the line lists of the computed synthetic spectra. Given the importance and wide range of applications of these models, improvement of their quality is urgently necessary. In this work we catalogued missing lines in the atomic and molecular line lists used for the calculation of the synthetic spectra in the region of GAIA, comparing a solar model computed via a recent line list with a high quality solar atlas available in the literature. After that, we attempted the calibration of their atomic parameters with the code ALLiCE; the calibrated line parameters are publicly available for use.
Introduction
Synthetic stellar spectra are extensively used in many different applications in astronomy, from the determination of atmospheric parameters of observed stellar spectra to the study of galaxy integrated spectra (as one of the main ingredients of stellar population models). Generating an accurate synthetic stellar spectrum requires the thermodynamic description of the atmosphere as a function of depth (e.g. Kurucz 1993; Paxton et al. 2011) , the so-called model atmosphere. These model atmospheres may include simplifications for complex physical process, such as convection, or computational limitations, for example, geometry and/or boundary conditions; often they depend on incomplete or imprecise atomic and molecular opacities (Czekala et al. 2015) .
To generate the synthetic stellar spectra, a stellar synthesis code (e.g. SYNTHE; Kurucz & Avrett 1981) solves the radiative transfer of a given model atmosphere using an atomic and molecular line list. Atomic and molecular opacities also greatly affect the radiative transfer in stars and consequently their physical structure. Despite this, we are far away from having complete and accurate line lists and, in fact, half of the known lines in the stellar spectra are not present in the line lists with wavelengths considered to have good accuracy (Kurucz 2011) . Besides, detailed spectral models calibrated to a single star (like Sun or Vega) are very important but, at the same time, rare and poorly tested (e.g. Czekala et al. 2015) . ). Although the current line lists include millions of absorption lines, only a small fraction of these lines were actually accurately measured in laboratory or have accurate parameters derived, and the uncertainty in the transition parameters for atomic lines can reach up to 200%. Even for the Sun, our closest and most studied star, the synthetic spectrum still does not completely reproduce all the features and many of the lines are missing in the synthetic spectrum (Kurucz 2011) . For the purpose of spectrophotometric studies, the missing lines have been included via the so-called "predicted lines", in which, rather than measured, one or both energy levels of the transition was only predicted through quantum mechanics calculations (Kurucz 1992) . These lines are essential to better describe the structure of atmospheric models and for spectrophotometric forecasts (e.g. Short & Lester 1996; Coelho 2014) . However, these quantum mechanical predictions are accurate only at a few percent level and the wavelength of these lines can be largely incorrect. As such, the inclusion of the predicted lines is inappropriate to generate theoretical stellar spectra with high resolution (e.g. Bell et al. 1994; Munari et al. 2005) . As a consequence of this complex scenario, synthetic libraries are only partially able to reproduce observed spectra and the quality of the model varies with spec-A&A proofs: manuscript no. 29817 tral type and wavelength range modelled (e.g. Bertone 2006; Bertone et al. 2008; Martins & Coelho 2007; Coelho 2014) .
In an attempt to fill this gap, many groups have been working through the years to improve the quality of atomic data used to generate synthetic spectra, focusing on reducing the uncertainty of the transition probabilities (e.g. Taklif 1990; Klose et al. 2002; Fuhr & Wiese 2006; Safronova et al. 2010; Bacławski 2011; Pickering et al. 2011; Wiese et al. 2011; Civiš et al. 2012; Ruffoni et al. 2013 ) and the broadening parameters (e.g. Anstee & O'Mara 1995; Barklem & O'Mara 1997; Barklem et al. 1998; Lesage et al. 1999; Barklem et al. 2000; Klose et al. 2002; Derouich et al. 2003; Dimitrijević et al. 2003) . Besides, many limitations of these atomic line lists have been approached by different methods and authors, mainly aimed at chemical analyses of stellar photospheres using high resolution spectra (e.g. Stalin et al. 1997; Blackwell-Whitehead et al. 2008; Borrero et al. 2003; Jorissen 2004; Den Hartog et al. 2011; Shchukina & Vasil'eva 2013; Wood et al. 2013 ). However, not only known lines have to be improved, but the identification of missing lines is necessary to fill significant gaps that are poorly modelled in stellar spectra.
In this work, we identify and catalogue missing lines in the atomic and molecular line lists used to generate synthetic spectra of the Sun based on a recent line list available in literature, and, when possible, calibrate the atomic lines. For this task we used an observed solar spectrum (Wallace et al. 2011) , which is an obvious choice since it is the highest quality observed stellar spectrum available in the literature. Additionally, uncertainties involved in the determination of its effective temperature, superficial gravity, chemical abundance, etc. are smaller than for any other star. The identification of missing lines was performed in the wavelength range from 8 470 Å to 8 740 Å since it is the spectral region covered by the Radial-Velocity Spectrometer on the GAIA telescope (Lindegren & Perryman 1996; Mignard 2005 ) launched in 2013. Even though the spectral resolution of the mentioned instrument is relatively low (λ/∆λ ∼ 11500 ), we can expect this wavelength region to be highly attractive to stellar and galactic studies for the years to come. We used the observed solar spectrum available from Wallace et al. (2011) and compared with the synthetic spectrum generated using the atomic and molecular line list from (Sbordone et al. 2004) , updated by Coelho (2014) . We use the code ALiCCE (Atomic Lines Calibration using the Cross-Entropy Algorithm; Martins et al. 2014) to calibrate the atomic parameters. This paper is structured as follows: in Section 2, we give details about the observed solar spectrum used in this work; in Section 3 we present the identification and characterisation of the missing lines in the synthetic solar spectrum; in Section 4 we show the calibration of the atomic parameters of some of these lines; and, in Section 5, we present our discussion and conclusions.
The observed solar spectrum
High resolution spectral atlases of the Sun have been produced since the middle of the 20th century (e.g. Minnaert et al. 1940) . However, most of the solar spectral atlases are of disk-centre regions. The solar flux spectra, taken over the integrated disk, are much less common. A flux atlas shows the mean effects of rotation, convection, and centre-to-limb variation. Thus, flux spectra are fundamental for comparisons with other stellar spectra and with synthetic spectra (Wallace et al. 2011) .
The observed solar spectrum used in this work was published by Wallace et al. (2011) . These authors claim that the quality of their spectrum is higher than Kurucz (2005) because of the more efficient subtraction of the telluric lines. The observation was taken at McMath-Pierce Solar Telescope, located on Kitt Peak, using the Fourier Transform Spectrograph (hereafter FTS). The solar integrated light FTS spectra were obtained mainly on two occasions: in 1980-1981 for Kurucz et al. (1984) atlas and in 1989 for monitoring the irradiance spectrum over the solar cycle (Mitchell & Livingston 1991) . Both sets were observed near the peaks of sunspot activity. These were the data used by Wallace et al. (2011) to produce a new flux atlas.
The wavelength coverage of this observed spectrum ranges from 2 958 Å to 9 257 Å and the spectral resolution varies from 350 000 to 700 000 (R = λ/∆λ). The signal to noise in the continuum goes beyond several hundreds. In principle, the FTS could have observed the entire spectral region in a single integration, however, to reduce the photon noise, six separate observations were carried out with the spectral coverage in each limited by optical bandpass filters. The Doppler shift correction was determined empirically by measuring the solar Fe i line positions and correcting them to the frequencies in Nave et al. (1994) . Thus, the solar gravitational redshift was also removed from the wave number scales. Wallace et al. (2011) made the telluric emission correction, knowing that from 2 958 Å to 5 400 Å the solar spectrum is free from any terrestrial lines. However, weak lines of H 2 O begin to appear from 5 400 Å and O 2 lines also appear from 5 790 Å. The scheme developed by Wallace et al. (2011) to correct for the telluric spectrum was to use the solar spectra obtained from many sets with different air masses, in the morning or evening, applied to the disk-centre spectra. This was carried out because the flux spectra were not taken in suitable airmass sets to allow the transmission spectra to be extracted. They found the best signal to noise and correction with the flux spectrum from October 1989, using a disk-centre observation from July 1983.
More details about the observations and the reduction processes are available in Wallace et al. (2011) . Figure 1 shows the Wallace et al. (2011) spectrum for the spectral region used in this work.
Line identifications
We used the solar model atmosphere from , which is based in ATLAS9 (Kurucz 1970; Sbordone et al. 2004) , to generate the synthetic spectrum of the Sun. There are two different downloadable atmosphere models: one using the Asplund et al. (2005) chemical abundances and another using the Grevesse & Sauval (1998) 3 . Both are tested in this work. The effective temperature of the Sun considered is T eff =5777 K, the surface gravity is log g =4.44 (Kurucz 1970) and convection was taken into account. We chose ATLAS9 because it is a static and local thermodynamic equilibrium atmosphere model and is still one of the most commonly used models for chemical abundances studies to generate synthetic stellar libraries, and it reproduces well the colours of observed stars (Martins & Coelho 2007) .
To generate the synthetic spectrum, we used the SYNTHE code (Kurucz & Avrett 1981) in its Linux version published by Sbordone et al. (2004) . The atomic and molecular line lists used are publicly available with ATLAS9 and were updated according to Coelho (2014) . The spectral synthesis code uses the atomic and molecular line lists to solve the equation of radiative transfer. The parameters necessary for the calculation of each absorp- tion line are the central wavelength, the energy of the upper and lower levels, the oscillator strength, and the broadening parameters (natural, Stark and Van der Waals). The broadening parameters dominate the line wings, while the oscillator strengths dominate the line depths. The spectral resolution adopted for this work, given by R = λ/∆λ, was 676000, which is the same resolution of the observed spectrum in this region. To reproduce the line broadening from the solar rotational velocity, we applied a rotational velocity (V sin i ) of 2.4 km s −1 (Smith 1978) and microturbulence of 1.0 km s −1 . We produced synthetic spectra for three different chemical abundances: Asplund et al. (2005) and Grevesse & Sauval (1998) , whose model atmosphere were downloaded from the website of F. Castelli as indicated above, and Asplund et al. (2009) . To produce a synthetic solar spectrum with the latest abundances we used the same model atmosphere as with Asplund et al. (2005) abundances, but changing abundances in SYNTHE code accordingly. This approach is valid for small variations in the chemical abundances, which should not significantly change the atmosphere structure. The three different abundances were tested just to ensure that weak missing lines were not just an artefact of small abundance changes. The comparison between the spectra was carried out visually over the entire spectral range studied to identify the missing lines in the theoretical spectrum. The telluric spectrum used for the correction of the solar spectrum was also inspected to avoid the classification of possible residual subtractions as missing lines.
All lines in this wavelength range that were present in the observed spectrum and absent in the theoretical spectrum have been identified and catalogued. We found 39 missing lines in the wavelength range analysed. For the characterisation of these lines, each one was fitted by a Gaussian profile. Wallace et al. (2011) also identified some lines in the spectrum of the Sun and therefore we compared our catalogued lines with the lines identified by these authors. Table 1 We can see in Table 1 , which correspond to the net effect of rotational velocity, microturbulence, and macroturbulence in the Sun 4 . We assume that the broadening of these lines is dominated by these listed combined effects, rather than an effect intrinsic of the lines. We can also speculate that these lines are produced or dominated by one atomic transition as opposed to molecular transitions or a blend of lines. Another reason that these lines are produced or dominated by only one electronic transition is their symmetry. Asymmetric lines are more likely produced by a blend of lines, whether atomic or molecular. The asymmetry was measured through the skewness of the line, where values close to zero mean very symmetrical distributions. Thirteen of these lines have asymmetry values close to zero (lines 2, 8, 10, 12, 16, 17, 23, 25, 29, 31, 33, 34, and 39) . For these lines, |asymmetry| <0.20. However, line 29 was identified by Wallace et al. (2011) as due to a CN transition, so we cannot rule out that some of these lines come from molecular transitions. Another caveat that might be taken into account is that asymmetries and wavelength shifts in stars might be correlated with convection in the sense that warm, rising convective elements are blueshifted and cool and falling convective elements are redshifted. However, according to Dravins et al. (1998) this effect in the Sun is around 300 m/s, which is much smaller than (lines 7 and 14). This is possibly due to measurement errors caused by the difficulty of adjusting these signatures, which are in regions with a high density of lines.
After characterising each signature, we looked for the atomic data of these missing lines in the NIST database to verify whether their absence was not only a matter of outdated line lists. The atomic data collected from NIST were measured in the laboratory. Table 2 shows the relation between catalogued missing lines and the data found in NIST.
In Table 2 , the column λ Ident concerns all the lines identified as missing from the comparison of the observed solar spectrum with the synthetic spectrum listed in Table 1 . The data in columns λ NIS T , Element, log gf, and E i and E k energies are the values from the NIST database that correspond to the identified wavelengths. The data in column Element Code is the code used by Kurucz to characterise each ion. From all the identified missing lines, NIST suggests that about a quarter are from Fe transitions. For some of the identified lines, we have two or more matching lines found in NIST. This is likely because we allowed a search inside a range of 0.2 Å from the measured central wavelength to account for possible errors in the central wavelength measurement.
All lines found in NIST with measured log gf were included in the atomic line list used in the spectral synthesis code. Unfortunately, there are very few cases where this happens (seven lines) and we did not observe any significant improvement in the synthetic spectra generated after this inclusion. This means that despite the absence of these lines in the atomic list used, the missing lines are due to transitions other than those catalogued in NIST.
In an attempt to find candidates for the missing lines in the line list, we searched for them in the VALD database. The values from VALD are not necessarily measured in laboratory and many of them are theoretically calculated or empirically calibrated.
From the 39 lines missing in the solar spectrum characterised in this work, we found counterparts for 22 on NIST, although only 7 have a measured log gf, as previously mentioned. On VALD we found counterparts for 16 of these 22 lines, although 9 of them were already included in the Kurucz line list (lines 1, 7, 8, 11, 13, 18, 20, 30, and 35) . The candidates found in VALD are listed in Table 3 . Lines indicated in grey in this table are already present on the line list, either with the same exact parameters or with values very close to those found. For some of these lines we found more than one counterpart in VALD, which were not found in NIST.
All lines from Table 3 that are missing in the line list are lines from Fe ions, which is not surprising given that Fe has a complex electron configuration and is very abundant. Weak lines from Fe are important because they are frequently used for the measurement of chemical abundances of stars. Since the atomic parameters from VALD are not obtained from laboratory, we decided to calibrate these iron lines before including them in the line list.
Line calibration
We used the code ALiCCE (Atomic Lines Calibration using the Cross-Entropy Algorithm; Martins et al. 2014) for the calibration of the atomic parameters. The ALiCCE code was developed to automatically calibrate atomic lines using the crossentropy method (e.g. Rubinstein 1997 Rubinstein , 1999 Margolin 2005; Kroese et al. 2006a; de Boer et al. 2005) . The cross-entropy method is a general Monte Carlo approach to combinatorial and continuous multi-extremal optimisation and importance sampling, which is a general technique for estimating properties of a particular distribution using samples generated randomly from a different statistical distribution rather than the distribution of interest (Rubinstein 1997 (Rubinstein , 1999 Kroese et al. 2006b ).
For each iteration, ALiCCE generates N different atomic line lists with each atomic parameter to be calibrated varying inside a given interval. It then makes external calls to the spectral synthesis code SYNTHE for each of the N lists. The output spectra generated is then compared with the observed spectrum of the Sun (the comparison star used for this work) and a performance function is calculated for each of the N lists, which is a measure of how well the synthetic spectrum represents the observed spectrum. The lists are then ranked and the interval for each atomic parameter is recalculated based on the mean and standard deviation of the top 5% solutions. The process starts again until the stopping criteria is fulfilled. More details about the code can be found in Martins et al. (2014) .
In this work we calibrated only the oscillator strength but not the broadening values since the width of the lines are dominated by the rotational velocity (plus micro and macro turbulence) of the Sun. All possible atomic transitions for a given missing line, as shown in Table 3 , were calibrated together. However, since the wavelength range between each missing line was large enough, we calibrated them separately, running ALiCCE for each missing line identified. The log gf values obtained from VALD were Table 3 . Fe lines and their relative VALD atomic parameters. (Kurucz 2013 ) (e) (Ward et al. 1985) (f) (Wiese et al. 1966) (g) (Duquette & Lawler 1982) (h) (Martin et al. 1988 ) (i) (Kurucz 2010) (j) (Corliss & Bozman 1962) (l) (Kurucz & Peytremann 1975) a http://kurucz.harvard.edu/linelists/gfnew/ used as initial guesses. Table 4 shows the values obtained for each line calibrated by ALiCCE. (1) The 8570.20 line was not included in the calibration because it is very similar to 8570.095 line. We believe they are the same line.
A significant improvement in the reproduction of the identified lines was obtained after the calibration of the log gf with ALiCCE. These results can be seen in Figure 4 , which show the comparison of synthetic spectra generated without the presence of the lines, values of the atomic parameters from VALD, and log gf values obtained by ALiCCE.
The oscillator strengths could not be derived for five lines given that they did not converge in less than 500 iterations and had errors greater than 0.010 (see details of error evaluation in Martins et al. 2014 ).
Discussion and conclusion
Improving the quality of the synthetic stellar spectra is of paramount importance to our understanding of stars and galaxies. Synthetic spectra libraries has an advantage over empirical spectra ones, which is the possibility of generating spectra with any atmospheric parameters desired for any chemical abundance pattern desired. However, synthetic spectra also have limitations, since they can only be as good as the ingredients used to generate them.
One of the major problems faced by theoretical stellar spectra is the uncertainty and incompleteness of the atomic and molecular line lists used to generate them. There are still many lines present in stellar spectra that are unknown. Moreover, among the millions of known lines present in the line lists, few of them have accurate and precise values, whether they are measured or computed.
We have identified and catalogued missing lines in the atomic and molecular line lists used for producing synthetic stellar spectra in the spectral region of 8 470 Å to 8 740 Å. The line lists that we used are based on previous work by Kurucz (1970) ; Kurucz & Avrett (1981) ; and updated according to Coelho (2014) . For this, we used the observed spectrum of the Sun published by Wallace et al. (2011) and we generated the synthetic spectrum using the spectral synthesis code SYNTHE (Kurucz & Avrett 1981) with the model atmosphere of the Sun generated by ATLAS9 (Kurucz 1970; Sbordone et al. 2004) .
We found 39 lines missing from the atomic and molecular line lists within the analysed wavelength region. We performed a characterisation of each line by measuring their equivalent widths and their widths at half maximum (FWHM). From these values and from the analysis of the symmetry of the lines, we conclude that about one-third (∼ 36%) of the identified lines can be produced or are dominated by a single atomic transition. These are the lines with smaller widths and most symmetric profiles. Wider and asymmetric lines are likely generated by line blends of multiple atomic species or molecules. We searched the identified lines in the NIST atomic database and we found counterparts for 22 of the 39 missing lines, but only 7 had all atomic parameters measured. We added these lines to the atomic list used by the spectral synthesis code, but obtained no improvement in the spectrum produced. This means that the missing lines likely have major contributions of other species.
Because some lines found in NIST lacked the atomic parameters needed to include them in the line list, we also looked for them on VALD. We found counterparts for 14 of these 22 lines, although 8 of them were already included in the line list adopted here. For some of these lines we found more than one counterpart for a given line. All the lines from VALD not present in the atomic line list were from Fe i and Fe ii. Since the atomic parameters from VALD are mostly not produced by measurements in laboratory, but are instead determined empirically or theoretically, we attempted to calibrate the atomic parameters of these lines before including them in the line list.
We used the ALiCCE code (Martins et al. 2014) to calibrate the oscillator strength of the Fe lines missing in the line list. We did not try to calibrate the broadening parameters since the width of the lines is dominated by the rotational velocity of the Sun. The ALiCCE code found better log gf values for 5 of the 10 lines. The new values significantly improved the reproduction of the solar spectrum. For the remaining lines the code has not been able to find results that could improve the reproduction of the solar spectrum. Fig. 4 . Comparison between the observed spectrum (red line), the synthetic spectrum without the identified and catalogued missing lines (dashed green line), the synthetic spectrum with the lines included in the line list and with the atomic parameters found at VALD (black line), and the synthetic spectrum with the lines calibrated by ALiCCE (blue line).
